ABSTRACT Low temperature regular phosphine fumigations under the normal oxygen level and oxygenated phosphine fumigations under superatmospheric oxygen levels were compared for efÞcacy against the aphid, Nasonovia ribisnigri (Mosley), and effects on postharvest quality of romaine and head lettuce. Low temperature regular phosphine fumigation was effective against the aphid. However, a 3 d treatment with high phosphine concentrations of Ն2,000 ppm was needed for complete control of the aphid. Oxygen greatly increased phosphine toxicity and signiÞcantly reduced both treatment time and phosphine concentration for control of N. ribisnigri. At 1,000 ppm phosphine, 72 h regular fumigations at 6ЊC did not achieve 100% mortality of the aphid. The 1,000 ppm phosphine fumigation under 60% O 2 killed all aphids in 30 h. Both a 72 h regular fumigation with 2,200 ppm phosphine and a 48 h oxygenated fumigation with 1,000 ppm phosphine under 60% O 2 were tested on romaine and head lettuce at 3ЊC. Both treatments achieved complete control of N. ribisnigri. However, the 72 h regular fumigation resulted in signiÞcantly higher percentages of lettuce with injuries and signiÞcantly lower lettuce internal quality scores than the 48 h oxygenated phosphine fumigation. Although the oxygenated phosphine fumigation also caused injuries to some treated lettuce, lettuce quality remained very good and the treatment is not expected to have a signiÞcant impact on marketability of the lettuce. This study demonstrated that oxygenated phosphine fumigation was more effective and less phytotoxic for controlling N. ribisnigri on harvested lettuce than regular phosphine fumigation and is promising for practical use.
Export of United States lettuce to overseas markets has been severely limited by the lack of a safe treatment to control quarantined pests and one of them is the aphid, Nasonovia ribisnigri (Mosley) (Homoptera: Aphididae), a major pest of lettuce in United States but a quarantine pest in Japan and Taiwan. N. ribisnigri prefers to feed in the center of lettuce plants, and it is difÞcult to control with contact insecticides. Lettuce infested with N. ribisnigri is unmarketable. Postharvest fumigation treatment with methyl bromide is injurious to lettuce. Ultralow oxygen treatments have been demonstrated to be safe and effective to control N. ribisnigri on harvested head lettuce (Liu 2005) . However, the treatment has not been developed commercially for practical use, and the treatment is also not effective against the leafminer, Liriomyza langei Frick, another quarantined insect on exported lettuce to Japan (Liu 2003 ).
More recent research on low temperature fumigation with cylinderized pure phosphine, however, shows that it has a potential to be a safe alternative to control quarantined pests on fresh commodities (Horn and Horn 2004; Horn et al. 2005; Klementz et al. 2005; Liu 2008 Liu , 2011a . The cylinderized pure phosphine is free of ammonia, which is phytotoxic and cylinderized phosphine makes it possible to establish high phosphine levels quickly for fumigation treatments at low temperatures. The low fumigation temperature is also important for safety to product quality ). However, data on impact of low temperature phosphine fumigations on postharvest quality of fresh commodities are very limited (Klementz et al. 2005; Liu 2008 Liu , 2011a .
Phosphine fumigation is characterized by its slow activity against pests. It takes over 10 d to control tolerant pests (Hole et al. 1976 ). The activity is even slower as temperature decreases, and fumigations at lower temperatures take longer to control pests than at higher temperatures (Hole et al. 1976 , Karunaratne et al. 1997 , Liu 2008 . For perishable commodities, it is desirable to have shorter treatments for postharvest pest control to minimize the delay for products to USDA is an equal opportunity provider and employer. Mention of trade names or commercial products in this publication is solely for the purpose of providing speciÞc information and does not imply recommendation or endorsement by the U.S. Department of Agriculture. reach their markets. Reducing fumigation time also increases efÞciency of fumigation chambers and reduces cost of fumigation.
Oxygen is essential to the toxicity of phosphine against insects (Bond 1963 , Bond et al. 1967 , Kashi and Bond 1975 . In a recent study, oxygen was found to enhance phosphine toxicity against all insects at various life stages and phosphine fumigations under superatmospheric oxygen levels reduce fumigation time signiÞcantly, suggesting that oxygenated phosphine fumigation has a potential to be used to control stored product pests (Liu 2011b) . However, any practical use of oxygenated phosphine fumigation will depend not only on its efÞcacy in controlling pests but also on its phytotoxicity to the subject fresh commodities and its operational safety. In the current study, we determined both efÞcacy and phytotoxicity of oxygenated phosphine fumigation for controlling N. ribisnigri on romaine and head lettuce.
Materials and Methods
Insects. Colonies of the aphid, N. ribisnigri, were maintained on lettuce plants in screened cages in a greenhouse. Plants were watered daily, and heavily infested plants were replaced with healthy plants periodically. The colonies were maintained under the natural lighting and at 10 Ð25ЊC. Lettuce leaves heavily colonized by both nymphs and adults of N. ribisnigri were taken from lettuce plants to be used in fumigation treatments.
Chemicals. Diluted pure phosphine (PH 3 ) at 1.6% balanced with nitrogen in a compressed cylinder from Cytec Canada, Inc. (Niagara Falls, Ontario, Canada) was used for fumigation treatments. The phosphine sample was transferred into a 3.8 liter sample cylinder with a pressure gauge. For small-scale fumigation treatments, the phosphine sample was released from the sample cylinder to Þll up an aluminum foil bag (20 ϫ 25 cm) Þtted with a quick-connector and then taken with a 100 ml gas-tight syringe for injection into fumigation chambers. For large-scale fumigation treatments of lettuce, phosphine sample was released from the small sample cylinder into fumigation chambers directly, and the pressure differentials were used to calculate volumes of phosphine samples used in fumigations. Oxygen (99.9% pure) in compressed cylinders was used in the study.
Effects of Phosphine Fumigations on Aphid Mortality. Small-scale fumigation treatments were conducted in 1.9 liter glass jars at 3ЊC to determine responses of N. ribisnigri to low temperature phosphine fumigations. Lettuce leaves infested with both nymphs and adults of N. ribisnigri were sealed in the jars 1 d before fumigation and held at 3.0 Ϯ 0.5ЊC in a temperature chamber with an external digital temperature controller and a circulation fan. The lid of each jar was Þtted with two quick-connect adaptors with locks. Phosphine samples were injected into the jars using an airtight syringe. Phosphine concentrations of 0 (control), 250, 500, 1,000, 1,500, 2,000, and 2,500 ppm were tested for 72 h to determine efÞcacy of phosphine. For most experiments in this study, phosphine concentrations were measured using a Dräger PacIII gas detector equipped with a phosphine sensor (Dräger Safety Inc., Pittsburgh, PA) after the air samples were diluted with air in foil sample bags to reduce phosphine concentrations to proper levels for the phosphine sensor as previously described (Liu 2008 (Liu , 2011b .
For a few most recent tests, phosphine concentrations at the end of fumigation were measured with a HewlettÐPackard 6890N GC (Agilent Technologies, Santa Clara, CA) using a ßame photometric detector (FPD) at 200ЊC, a megabore GSQ column (L 30 m, i.d. 0.53 mm) at 100ЊC, a gas sampling port with 10 l sample loop at 150ЊC, and a 50:1 split injection. The run time for each sample was 5 min and helium was used as the carrier gas to maintain a constant pressure of 5.39 psi (37163 Pa) in the column. The FPD was supplied with hydrogen gas (50.0 ml/min) and air (100.0 ml/min) and helium was used as a makeup gas to maintain a constant column ϩ makeup ßow of 15.0 ml/min for the FPD detector. The retention time for phosphine was Ϸ1.975 min., and phosphine peak areas were used to calculate phosphine concentrations from regressions between phosphine peak areas and phosphine concentrations of standards.
For all fumigation tests in the glass jars, phosphine levels showed slight declines from the start to the end of a treatment and the average phosphine concentrations were within 15% below the target levels as described before (Liu 2011b) . At the end of fumigation, aphid mortality was scored after the jars with aphids were held at 10ЊC overnight. Aphids were probed with a soft brush and aphids that were motionless were classiÞed dead. Aphids that could only move appendages and could not walk were also classiÞed as dead. Each concentration was replicated 3Ð12 times. In total, 35,110 aphids were used.
Effects of Oxygen Levels on Phosphine Toxicity. Fumigations with 1,000 ppm phosphine under different superatmospheric oxygen levels were conducted in 1.9 liter glass jars at 6.0 Ϯ 0.5ЊC for 18 h to determine the effects of oxygen in enhancing phosphine toxicity. Oxygen levels tested were 20.9, 40, 60, and 80%. A superatmospheric oxygen level in each treatment jar was established by releasing oxygen from the compressed cylinder through a ßow meter and an adopter on the lid into the jar at a ßow rate of 0.5Ð 0.8 liters/ min. Air in the jar was pushed out through the second adaptor and measured for oxygen levels using an oxygen analyzer (Series 800, IL Instruments, Inc., Johnsburg, IL). Once the oxygen level in the jar reached a desired level, both the inlet and the outlet adopters were disconnected to seal the jar. A predetermined volume of the phosphine sample was then injected into the jar through one of the adaptors, after an equal volume of air was removed from the jar with a syringe to maintain a normal air pressure in the jar after the fumigant injection. The jars were then held at 6ЊC in the temperature chamber for 18 h. Phosphine levels in the jars were measured using the Dräger PacIII gas detector as described above. Controls were held at the same temperature as the treatments. Fumigations were terminated by venting the jars in a fume hood for at least 10 min. The treatment jars with N. ribisnigri were then held in a temperature chamber at 10ЊC overnight before aphid mortality was scored as described above. Each oxygen level was replicated three times and a total of 4,478 aphids were used.
Effects of Treatment Time on Aphid Mortality. Fumigations under the normal oxygen level and oxygenated fumigations under 60% O 2 with different durations at 6.0 Ϯ 0.5ЊC were conducted to compare the two types of fumigations in efÞcacy to control N. ribisnigri. All fumigations were conducted in 1.9 liter glass jars, and the procedures were the same as described above. Phosphine concentration of 1,000 ppm was used in all tests. For the regular fumigations, treatment times were 18, 30, 48, and 72 h and each treatment time was replicated 2Ð 4 times. The treatment times for the oxygenated fumigations were 18, 24, 30, and 48 h and each treatment time was replicated 2Ð 6 times. Phosphine concentrations were measured using the Dräger PacIII gas detector as described above. Oxygenated fumigations with 1,000 ppm phosphine and different treatment times under 60% O 2 were also conducted at 3.0 Ϯ 0.5ЊC to determine the minimum treatment time for complete control of N. ribisnigri. The treatment times were 24, 30, 36, 40, and 48 h, and each treatment time was replicated 2Ð3 times. Controls were included in each experiment. Phosphine concentrations were measured using the GC equipped with a FPD detector as described above. In total, 29,199 aphids were used. Aphid mortalities were scored after fumigation using the same procedures as described above.
Effects of Normal and Oxygenated Phosphine Fumigations on Lettuce Quality. Phosphine fumigations under the normal oxygen level and 60% O 2 for control of N. ribisnigri were tested on both romaine and head lettuce to compare their phytotoxic effects on lettuce quality. All treatments were conducted in 442 liter (76 ϫ 76 ϫ 76 cm) metal chambers at 3.2ЊC in walk-in coolers. The temperature was monitored continuously with temperature loggers (HOBO data logger, Onset, Pocasset, MA). Commercial vacuum cooled romaine and head lettuce were obtained from Tanimura & Antle (Salinas, CA) 1 d after harvest and fumigated on the same day. Typically, two boxes of romaine and two boxes of head lettuce from two varieties were treated in each chamber. Lettuce leaves infested with N. ribisnigri nymphs and adults were set up in 0.95 liter glass jars and sealed with paper towels and held at 2ЊC 1 d before fumigation tests, and were included in each fumigation test. For fumigations under the normal oxygen level, treatment time was 72 h and phosphine concentration was 2,200 ppm. For oxygenated phosphine fumigations, phosphine concentration was 1,000 ppm and treatment time was 48 h.
For regular fumigations under the normal oxygen level, the chamber was Þrst vacuumed with a vacuum pump, then phosphine sample was released into the fumigation chamber from the small 3.8 liter sample cylinder, and a total accumulative phosphine sample pressure of 1,806,426 Pa was released into the chamber to complete fumigant injection. The accumulative pressure of phosphine sample yielded a volume of 67.6 liter of 1.6% phosphine sample. After the fumigant injection, Ϸ17 liter of oxygen in a foil bag was released into the chamber to maintain a normal oxygen level similar to ambient air because the phosphine sample had 98.4% nitrogen. Then, ambient air was released into the chamber to balance the pressure. The volume of phosphine sample resulted in 2,100 Ð2,300 ppm phosphine consistently. Phosphine levels in the fumigation chamber were monitored using a phosphine monitor (MAC 2240, PPM Messtechnik, Chieming, Germany) periodically.
For oxygenated phosphine fumigations, oxygen from a compressed cylinder was released through a ßow meter into the fumigation chamber at 4 Ð5 liters/ min and the air in the chamber was ßushed out through an outlet. Oxygen level was continuously monitored using an oxygen monitor (model 901, Quantek Instruments, Grafton, MA). Once the oxygen level inside the chamber reached 60%, a large empty foil bag (50 ϫ 74 cm) was connected to the chamber to avoid build-up of positive pressure in the fumigation chamber when the phosphine sample was released into the chamber. A calculated volume of 27.1 liters of the 1.6% phosphine sample was released into the chamber based on an accumulative pressure of 724 Pa of phosphine sample in the small sample cylinder. The phosphine sample used also consistently resulted in Ϸ1,000 ppm phosphine in all replications. Phosphine levels in the chamber were monitored periodically using the phosphine monitor as described above. Jars with N. ribisnigri infested lettuce leaves were also held at 3ЊC as controls for both regular and oxygenated fumigation treatments.
At the end of each fumigation treatment, the fumigation chamber was vented by vacuuming the air from the chamber through a port on the chamber and keeping a second port on the chamber open for at least 3 h. After fumigation, the jars with N. ribisnigri infested lettuce leaves were held at 10ЊC overnight in a temperature chamber. Mortality of the aphids was then scored under a microscope as described above. Lettuce was stored at 2ЊC for 2 wk before being scored for postharvest quality and phosphine-related injuries.
The procedures for lettuce quality evaluation were the same as described previously (Liu 2008) . A quality score system described by Kader et al. (1973) was used. The visual quality score ranged from 1 (extremely poor) to 9 (excellent) with 3, 5, and 7 in between representing poor, fair, and good, respectively. Head lettuce was also weighed individually. Both romaine and head lettuce was scored for external visual quality. Then lettuce was dissected to evaluate internal quality and inspect for signs of injuries, such as lesions, stains, and discolored spots. Each treatment was replicated four times. In total, 8,302 N. ribisnigri were used; 21 cartons of head lettuce and 20 cartons of romaine lettuce were used; and 449 head lettuce and 489 romaine lettuce were evaluated for postharvest quality.
Data Analyses. Aphid mortalities from all treatments
were transformed by arcsine ͱx before being subjected to one-way analysis of variance (ANOVA) and Tukey honestly signiÞcant difference (HSD) multiple range test. The concentration ϫ time (C ϫ T) product was also calculated for most fumigation treatments for comparison. Weights of head lettuce, external and internal quality scores, and percentages of lettuce with injury symptoms were also analyzed using one-way ANOVA and means were compared using Tukey HSD multiple range test. Fit model platform of JMP eight statistical discovery software was used for all statistical analysis (SAS Institute 2008).
Results
Phosphine fumigations under the normal 20.9% oxygen level at 3ЊC were effective against N. ribisnigri. However, the complete control of the aphid was achieved only with the 72 h fumigation with Ն2,000 ppm phosphine (Table 1) . There were signiÞcant differences in mortality among different phosphine concentrations (F ϭ 4.05; df ϭ 5, 41; P ϭ 0.0045). Aphid mortality was Ͼ99% even at the lowest phosphine concentration of 250 ppm. There were no signiÞcant differences in aphid mortality for phosphine concentrations between 500 and 2,500 ppm as mortalities were well above 99%. The C ϫ T product for the complete control of N. ribisnigri was 218 mg h/liter or higher (Table 1) .
Fumigations under superatmospheric oxygen levels greatly increased phosphine toxicity to N. ribisnigri and aphid mortalities in all oxygenated fumigations were signiÞcantly higher than the mortality in the regular fumigation (F ϭ 20.83; df ϭ 3, 8; P ϭ 0.0004; Table 2 ). Aphid mortality increased from 26.6% in the 18 h fumigation with 1,000 ppm phosphine at 6ЊC under the normal oxygen level to 82.8% when the oxygen level was increased to 40% in the same fumigation. Mortality reached 98.8% when the oxygen level was increased to 80% in oxygenated fumigations. However, there were no signiÞcant differences among the oxygenated fumigations as mortalities were close to 100% (Table 2) .
For both regular and oxygenated fumigations with 1,000 ppm phosphine at 6ЊC with different treatment times, no complete control of N. ribisnigri was achieved in the 72 h regular fumigation. The oxygenated phosphine fumigations, however, were much more effective and complete control of N. ribisnigri was achieved in 30 h ( Table 3 ). The C ϫ T product for achieving 100% aphid mortality was 45.5 mg/liter h for the oxygenated phosphine fumigation. There was also a signiÞcant difference in aphid mortality among treatment times of regular fumigations (F ϭ 20.75; df ϭ 3, 7; P ϭ 0.0026). Aphid mortality showed a signiÞcant increase from 37.9% in the 18 h treatment to 94.6% in the 30 h treatment, and then gradually reached a plateau as it approached 100%. For oxygenated fumigations, the lowest mortality was 96.7% and there was no signiÞcant difference among treatment times (F ϭ 3.85; df ϭ 3, 10; P ϭ 0.05). At the lower temperature of 3ЊC, the oxygenated phosphine fumigation achieved complete control of N. ribisnigri in 40 h and the treatment had a C ϫ T product of 60.7 mg h/liter. There was a signiÞcant difference in aphid mortality among the treatment times of the oxygenated fumigations (F ϭ 16.29; df ϭ 4, 9; P ϭ 0.0004). Mortality increased signiÞcantly from 66.0% in the 24 h treatment to The control had 2,573 aphids and a mortality rate of 16.97 Ϯ 5.14. Mortalities for the treatments were transformed by arcsine √x before analysis of variance and the mortalities followed by the same letter were not signiÞcantly different based on Tukey multiple range test (P Ͼ 0.05; SAS Institute 2008). The control had 727 aphids and a mortality rate of 5.9 Ϯ 2.5. Mortality data were transformed by arcsine ͌x before analysis of variance. Mortalities from the treatments followed by the same letter were not signiÞcantly different (TukeyÕs HSD multiple range test, P Ͼ 0.05; SAS Institute 2008). The controls had 1,082 and 1,144 aphids and mortality rates of 6.6 Ϯ 2.0 and 7.2 Ϯ 2.2 for fumigations at 6 and 3ЊC, respectively. Mortality data were transformed by arcsine ͌x before analysis of variance. Mortalities for each combination of temp and oxygen level followed by the same letter were not signiÞcantly different (TukeyÕs HSD multiple range test, P Ͼ 0.05; SAS Institute 2008).
92.1% in the 30 h treatment, and then gradually approached 100% in the 40 h treatment (Table 3) .
Both the 72 h regular fumigations with 2,200 ppm phosphine and the 48 h oxygenated fumigations with 1,000 ppm phosphine of romaine and head lettuce at 3ЊC achieved 100% mortality of N. ribisnigri. All of 3,461 and 3,354 N. ribisnigri were killed in the regular and oxygenated phosphine fumigations of lettuce. The aphid mortality in the control was only 6.0% (89 out of 1,487). The treatments yielded C ϫ T products of 240.4 mg h/liter and 72.9 mg h/liter for the 72 h regular fumigation and the 48 h oxygenated fumigation, respectively.
The oxygenated phosphine fumigation treatment was less phytotoxic to lettuce than the regular fumigation treatment (Table 4) . For head lettuce, there were no signiÞcant differences among the treatments in head weight (F ϭ 0.087; df ϭ 2, 447; P ϭ 0.917). There were also no signiÞcant differences in the external visual quality scores (F ϭ 2.05; df ϭ 2, 447; P ϭ 0.128) and the quality scores ranged from 7.67 to 7.85 (Table 4) . However, the internal visual quality scores were signiÞcantly different among the treatments (F ϭ 59.84; df ϭ 2, 447; P Ͻ 0.0001). The control had the highest quality score of 8.70 followed by the oxygenated fumigation (8.25), and the regular fumigation had the lowest internal quality score of 7.49, which was also signiÞcantly lower than that for the oxygenated fumigation (Table 4) .
There were also signiÞcant differences in the percentage of lettuce with injuries associated with phosphine fumigation (F ϭ 56.47; df ϭ 2, 447; P Ͻ 0.0001). Regular phosphine fumigation had 64.1% lettuce heads with injuries and oxygenated fumigation had only 29.7% heads with injuries. Lettuce heads in the control had Ϸ12.0% with symptoms similar to phosphine injuries (Table 4) . The typical injuries associated with phosphine fumigations were stripes or spots of lesions along the midribs of lettuce leaves. The lesions were typically as translucent and others resembled brown stains caused by carbon dioxide. However, other types of discolorations or spots were also included and scored. The extent of phosphine injuries was reßected in scores of both external and internal quality of lettuce.
Similar results were found with romaine lettuce. Although there were no signiÞcant differences in the external quality scores among the treatments (F ϭ 0.82; df ϭ 2, 486; P ϭ 0.441), differences in the internal quality score were highly signiÞcant (F ϭ 37.98; df ϭ 2, 486; P Ͻ 0.0001) with the highest score of 8.78 for the control, the lowest score of 7.96 for the regular phosphine fumigation, and the middle score of 8.46 for the oxygenated phosphine fumigation. There were also highly signiÞcant differences in the percentage of romaine lettuce with phosphine injuries (F ϭ 46.87; df ϭ 2, 486; P Ͻ 0.0001). The controls had Ϸ1.5% with symptoms resembling phosphine injuries. The regular phosphine fumigation had 38.4% with phosphine injuries which was signiÞcantly higher than 11.4% of lettuce with phosphine injuries for the oxygenated phosphine fumigation (Table 4) .
Discussion
Low temperature fumigations with pure phosphine have been studied and used to control insects on fresh fruits and vegetables (Horn and Horn 2004; Horn et al. 2005; Klementz et al. 2005; Liu 2008 Liu , 2011a . Even though both the low fumigation temperature and the absence of ammonia in cylinderized pure phosphine make the low temperature phosphine fumigation less phytotoxic than conventional phosphine fumigations with metal phosphids, more phytotoxicity data are needed to support more widespread commercial use, and there were very limited data available (Klementz et al. 2005; Liu 2008 Liu , 2011a . For more sensitive products such as lettuce and other leafy vegetables, there has been no data on phytotoxicity of low temperature phosphine fumigation treatments especially the longer treatments for control of more tolerant pests. Previously, low temperature pure phosphine fumigation was reported to be effective and safe to control western ßower thrips on lettuce and other fresh products in Յ24 h (Liu 2008) . However, N. ribisnigri was much more tolerant to phosphine than the thrips and a minimum of 3 d fumigation with a high concentration of phosphine was needed to achieve effective control of the aphid. This study showed that the 3 d regular phosphine fumigation treatment was phytotoxic to both romaine and head lettuce, and there was a limit on tolerance of fresh commodity to pure phosphine fumigation. Oxygenated phosphine fumigations, how- ever, seem to be better suited to control pests on fresh commodities.
Oxygenated phosphine fumigation was not only more effective but also less phytotoxic than regular phosphine fumigation for control of N. ribisnigri on lettuce. The enhanced phosphine toxicity by oxygen was consistent with the previous Þndings of greater efÞcacy of oxygenated phosphine fumigations as compared with regular phosphine fumigations (Liu 2011b ). This study presented data for the Þrst time on phytotoxicity of oxygenated phosphine fumigation in comparison with phytotoxicity of regular low temperature phosphine fumigation. The signiÞcantly reduced phytotoxicity of the oxygenated phosphine fumigation was likely caused by the shorter treatment time and reduced phosphine concentration.
The shorter treatment time and the lower phosphine concentration of the oxygenated phosphine fumigation also resulted in a much lower C ϫ T product that was about one-third of the C ϫ T product for the regular phosphine fumigation. For phosphine fumigations, treatment time is more critical than fumigant concentration. Fumigations with low phosphine concentrations for long durations are more effective than short treatments with high phosphine concentrations (Hole et al. 1976 , Liu 2008 . Therefore, C ϫ T products for phosphine fumigations may not reßect efÞcacy of fumigation treatments against target pests. However, C ϫ T products may correlate to a certain extent with the severity of phytotoxicity of phosphine fumigation treatments to fresh commodities. In the current study, the regular phosphine fumigation with a much higher value of C ϫ T had much severer phytotoxicity to lettuce than the oxygenated phosphine fumigation.
The phytotoxicity of both regular and oxygenated phosphine fumigations were reßected by both the external and the internal quality scores of lettuce. Typical injuries associated with phosphine fumigations were translucent sunken lesions with or without brown stain along the margins. The symptoms resembled brown stains caused by carbon dioxide (Lipton et al. 1972) . For both head lettuce and romaine lettuce, even though the internal quality scores for the oxygenated fumigations were signiÞcantly lower than those for the controls, they were still above 8.0. Quality score of seven represents good quality with minor defects, and nine represents perfect quality without any defects. Therefore, the oxygenated phosphine fumigations had little or no practical impact on marketability of lettuce.
In the current study, lettuce quality was evaluated at 14 d after fumigations. In reality, exported lettuce may take longer to reach markets in Asia. However, given the high quality scores of above 8.0 at the 14 d after fumigation, the lettuce treated with oxygenated phosphine fumigation should still have a considerable length of shelf-life left and be marketable. However, commercial-scale trials of oxygenated phosphine fumigation are needed to conÞrm both efÞcacy in controlling N. ribisnigri and safety to lettuce quality to ensure success of commercial use of the treatment. In comparison, the regular phosphine fumigation is much less suited for controlling the aphid on lettuce because of the signiÞcantly lower lettuce internal quality and the signiÞcantly higher percentage of lettuce with phosphine injuries. Given the shorter treatment time, lower phosphine concentration, and reduced phytotoxicity to lettuce quality, the oxygenated phosphine fumigation treatment should be selected for further commercial development.
The most costs of fumigation treatments are personnel costs. Oxygenated phosphine fumigation reduced the treatment time for control of N. ribisnigri from 3 d to 2 d and, therefore, should reduce fumigation cost signiÞcantly. Reduced treatment time should also result in increased efÞciency of fumigation chamber usage. There will also be savings in fumigant costs as less phosphine will be used. However, oxygenated fumigations have added costs in terms of oxygen supplies and monitoring and increased complexity of fumigation procedures.
Another factor that may affect practical acceptance of oxygenated phosphine fumigation is the potential Þre risk associated with high oxygen levels. Phosphine will self-ignite in the air when its concentration exceeds 1.8%. There seems to be a misconception that phosphine would have a lower ignition threshold concentration and more likely self-ignite in oxygen enriched atmospheres. In reality, all past research indicated that higher oxygen levels actually suppress combustion reaction of phosphine and the explosion limit of phosphine in oxygen enriched air is higher than 1.8% (Bond and Miller 1988 , Ohtani et al. 1989 , Kondo et al. 1995 . In 99.99% O 2 , the lowest phosphine concentration for combustion reaction to occur is 2.18%, which is higher than the lowest phosphine concentration of 1.86% for combustion reaction in the air with 20.99% O 2 . Under 5% O 2 , the lowest phosphine concentration for explosions to occur is 1.67% (Bond and Miller 1988) .
For fresh commodities, high oxygen levels used in oxygenated phosphine fumigations will unlikely increase general Þre hazard because of the low temperature and the high humidity environmental conditions associated with storage of fresh commodities. For treatment of dry products in storage facilities, high oxygen levels may increase general Þre hazard because of the likely dusty, dry, and high temperature conditions. However, phosphine Þre incidences during fumigations are typically caused by high phosphine concentrations. Oxygenated phosphine fumigation reduced both duration and phosphine concentration as compared with regular phosphine fumigation for controlling speciÞc pests. Therefore, oxygenated phosphine fumigation is not only safer than regular phosphine fumigation to treat fresh products but may also be used safely to treat stored dry products.
Oxygenated phosphine fumigations are more complex than regular phosphine fumigations because oxygen levels in the fumigation chambers need to be raised and monitored before releasing phosphine into the chambers. However, the extra costs and complexity are relatively minor and the beneÞts of oxygenated phosphine fumigations are likely signiÞcant. Oxygenated phosphine fumigations save costs on the fumigant and increase efÞciency of fumigation chamber usage because of shorter treatment times. More importantly, oxygenated phosphine fumigation may be the only safe method for phosphine to be used on some fresh commodities such as lettuce to control tolerant pests. Both the efÞcacy and safety factors of oxygenated phosphine fumigation should instigate greater interests and efforts to develop practical oxygenated phosphine fumigation treatments for postharvest pest control on both fresh and dry commodities. The oxygenated phosphine fumigation for control of N. ribisnigri on lettuce is promising and should be further evaluated in large commercial-scale trials for practical use to increase U.S. lettuce export to overseas markets.
